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I. INTRODUCTION
The U.S. Army Ballistic Research Laboratory is interested in the boundary layer development on yawed, spinning slender bodies of revolution for application to the design of artillery projectiles in general and for gaining further knowledge of the Magnus effect in particular.
Reference I presents some experimental evidence showing the significant effect that the boundary layer configuration has on the agnus force experienced by a yawed, spinning body of revolution as well as a discussion of the influence of Magnus on the aerodynamic stability of a spin stabilized projectile. Turbulent boundary layer development over non-spinning bodies of revolution is also of interest to the Amy in the aerodynamics of missiles.
Recent advances in computational fluid dynamics have resulted in increased effort toward computation of three dimensional boundary layer development. References 2-5 report three dimensional, lasinar and turbulent compressible boundary layer computations for bodies of revolution. Comparisons of the computations to experimental boundary layer profile data have indicated encouraging agreement with the experimental data. This indicates that the numerical techniques are working well; however, comparisons to detailed profile data have only been made for cone models. Comparisons to cone data do not test the computation technique's ability to cope with effects such as longitudinal pressure gradient or changes in wall curvature. Experimental data for comparison to theoretical computations of three dimensional compressible turbulent boundary layer development available in the literature are extremely scarce. References 6 and 7 report experimental measurements of the compressible turbulent boundary layer on yawed cones. Similar oxperimental measurements for a more general body configuration such as olive-cylinder are not available in the open literature.
The objective of this experimental effort is to obtain detailed turbulent boundary layer profile date that will be useful for comparisons with theoretical computations. This paper describes measurements of the tripped turbulent boundary layer on a yawed, spinning tangentolive-cylinder model. Measurements were made for the model spinning at a rate of 10,000 RPM and also while the model was not spinning. These measureamts were made at three longitudinal stations on the cylinder portion of the model for azimuthal stations completely about the circumference of the model in thirty degree increments.
II. THE EXPERIMENT

A. Test Facility
The tests were run in the BRL Supersonic Wind Tunnel No. I8. This is a symetric, continuous flow, closed circuit facility with a flexIble plate nozzle. The test section has a height of 38 cm and a width of 33 ea. The pominal tunnel operating conditions were M a 3.0, Po a 0.299 x 10' Pa, and T 0a 308 K. The total pressure was held constant within 1 0.4 percent and the total temperature was controlled within i I1K during each individual test run. The Reynolds number based on model length was 7.4 x 106.
Model
The msdel used Was a seven caliber long, tangent-oive-cylioder with a NOf-la IOM O8#1" Ietion, The dimbetet of the ibdol fs 5,0 
(Nm).
A boundary layer trip consisting of a 0.64 ca wide band of #80 sand grit was placed 2.5 cu from the tip of the model.
C. Survey Mechanism
The survey mechanism, shown installed with the model in Figure 2 , was designed to drive the probe perpendicular to the axis of the nodel. The probe is positioned by a can that is rotated using an electric motor mounted within the angle-of-attack crescent. Since the survey mechanism is attached to the angle of attack crescent, the probe is driven perpendicular to the axis of the model for any angle of attack setting. The azimuthal position is determined by selecting predrilled mounting holes placed at 30* increments. The number of azimuthal position changes was kept to a minimu by obtaining data at positive and negative angles of attack.
The survey mechanism was calibrated by using a dial indicator to indicate the displacment of the probe support in thousandths of an inch to establish a table of displacement versus electrical output signal from the probe drive mechanism. In the data reduction procedure :.divided differnc inte lation was used to determine the y position for a given electrical signal. The coordinate system is indicated in
Total head surveys were made of the boundary layer at three longitudinal positioas along the cylinder portion of the model for an angle of attack of 4, N a 3, mnd for spin rates of zero and 10,000 RPM. The total head probe used had a flattened tip. The probe tip had an opening of 0.076 m with a lip thickness of 0.025 sm and was 2.5 sin width. The probe was positioned to measure the pressure along lines parallel to the model axis. A spark shadowgraph showing the model with the total head probe positioned beyond the boundary layer is shown in Figure 4 .
The surveys were mde by starting the measurements well beyond the edge of the boundary layer--at y -1.25 ca whereas the largest 6 was about 0.65 c. The pressure signal from the total head probe was measured using a strain gage transducer that was calibrated within ± 0.25 percent of its full scale range--0-25 psi (0-0.172 x 100 Pa). Measurements were made while holding the probe in a fixed position after allowing approximately thirty seconds for the pressure signal to stabilize. The position of the model surface was detected by electrical signal when the probe contacted the surface of the non-spinning model. Immediately following the survey for the model not spinning, the model was spun to 10,000 RPM and another survey made again starting from well beyond the outer edge of the viscous region. The model spin rate was held constant within ± SO RPM during the survey using an 9 JUI automatic control on the air supply to the driving turbine. These surveys were stopped close to, but not touching, the model surface in order to preclude damage to the model surface or the total head probe. Each survey consisted of 35-40 data points.
E. Wall Static Pressure Measurements
Measurements of wall static pressure have been made in order to compute velocity profiles from the measurements of total pressure distribution through the boundary layer. The model used for the wall pressure measurements was a non-spinning model identical in outside dimensions to that used for the boundary layer surveys. Wall pressure taps were located at nine (9) positions on the cylinder portion of the model. The inside diameter of the wall pressure taps was 0.0599 cm. The model and strut support were mounted in the roll head mechanism which allows the model to be rotated in azimuth from 0 = -90* to * -1800. Measurements were obtained for angles of attack from 0* to 10* for 10* increments in azimuthal position. The pressure leads from the model were approximately 3 metres in length and were connected to a pressure scanner unit. Each pressure lead was connected to a separate strain gage pressure transducer. These pressure transducers are calibrated within ± 0.25 percent of their full scale range of 0-5 psia (0-.0344 x 106 Pa).
F. Data Reduction
The Mach number distribution within the boundary layer has been calculated from measured values of total pressure and wall static pressure using the Rayleigh pitot formula. Velocity and density profiles have been calculated from the Mach number profiles assuming a linear Crocco variation of CTt -Taw)/(Tte -Taw) vs u/u where the adiabatic wall temperature was calculated assuming a recovery factor of 0.88. Integral properties of the boundary layer were calculated by integrating the profile data using a Fortran subroutine which fits a curve to the tabulated data.
An uncertainty is inherent in the profile data due to the probe not being aligned with the local flow direction within the boundary layer. This uncertainty would be greatest near the surface of the model and at longitudinal stations on the forward portion of the model. However, the large gradients present in a turbulent boundary layer would confine the greatest effect of flow angularity to a very small region near the surface which cannot be probed accurately using a total head probe under ideal (two dimensional) conditions. Also, these measurements were obtained for the model at a small angle of attack.
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III. DISCUSSION OF THE RESULTS
Examples of the velocity profile data for zero spin are shown in Figures 5, 6 , and 7. These profiles clearly show the growth of the boundary layer in the azimuthal and longitudinal directions. Unusual inflection points are noticeable in several of the profiles, particularly in Figure 6 The unexpected appearance of a slender vortical streamer developing near the tip of the model and wrapping around to the lee-side at about the midlength of the model is also indicated. These oil flow patterns strongly suggest the presence of vortex filaments submerged within the boundary layer on the lee-side.
Wall static pressure measurements for four azimuthal stations at a a 40 are shown in Figure 11 . These data indicate that the azimuthal pressure gradient changes from always favorable near the nose of the model to favorable and adverse as the base of the model is approached. The longitudinal pressure gradient changes from mildly favorable on the windside of the model to strongly adverse as the lee-side of the model is approached. The influence of the longitudinal and circumferential adverse pressure gradients is seen in the rapid growth of the lee-side boundary layer profiles shown in Figures 6 and 7 .
The integral properties of the boundary layer are shown in Figures 12, 13 , and 14. These data indicate that little effect of spin is evident except at the last station. Figure 14 shows that the effect of spin is to decrease the boundary layer thickness on the side where surface spin and the inviscid cross flow are in the same direction; whereas the bomdary layer is more thick on the side where the surface spin and inviscid cross flow are in opposite directions.
The growth of the boundary layer in the circumferential and longitudinal directions is shown in the plots of 6* and e. The plots of the form factor, H, indicate little effect of longitudinal or circumferential station. The form factor is, however, consistently greater for the spinning model.
IV. LAW OF THE WALL ANALYSIS
A. Profile Characterization
An attempt has been made to gain additional information about the characteristics of the measured velocity profiles using "law of the wall" and "law of the wake" turbulent boundary layer concepts. The procedure used is based on the method proposed in reference 9 where a least square fitting technique is employed to determine certain profile parametgrs. The form of the assumed profile is based on the work of Coles' in incompressible flow in which the boundary layer is found to have a wall region in which the velocity is dependent on a velocity scale, us, and a length scale, v /u s , and a wake region which is also dependent on u s but the length scale is a boundary layer thickness, 6 s . The following functional relationship was used in the data reduction: 
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with a constant recovery factor of .89 used in evaluating the adiabatic wall temperature.
In equation (1) there are four parameters; us, Cs, s 3 , and 6 s which are determined so as to minimize the rms deviation between the profile measurements and the analytical curve. It should be noted that the form of the "law of the wall" used here is not valid in the laminar sublayer region near the wall. Data close to the wall which systematically deviate from the semilogarithmic relation are omitted from the fitting procedure. The equation is also not valid when the velocity becomes uniform at the edge of the boundary layer. Only data corresponding to y values less than 8 are used in the curve fitting, where 8 is defined as the value of y at which the derivative of equation
(1), that is du/dy, is zero. The boundary layer thickness, 8, is typically ten percent larger than 8 s .
The more conventional form of equation (1), for exaple as used by Coles 1 0 , is related to equation (1) when
where K -Prandtl's mixing length constant uT -wall shear velocity a 67Pq
As a consequence the usual constant in the logarithmic wall law is related to C s by
13
C s
The change in definition of these two parameters is desirable for the present purposes because K cannot be determined solely from velocity profile data unless accurate data in the laminar sublayor is obtained.
However, if K is assumed known (K -.4 approximately) then equation (4) may be used to determine the wall shear stress.
Equation (1) is found to adequately describe a wide range of twodimensional turbulent boundary layer measurements except, of course, in the laminar sublayer. Most two-dimensional profiles can be represented in this way with a root-mean-square deviation of less than t .03 in ;/u s . This corresponds to about t .3% of the maximum flow velocity at the edge of the boundary layer which is approximately the error expected in the transducers used for the pressure measurements. The fit of the three-dimensional boundary layers considered here was typically the same with the maxium rms deviation of .09%.
Figure 15 illustrates the quality of the fit obtained with the present data. The figure shows the variation of the velocity profiles with azimuthal position for the most rearward station (6 calibers from the nose) on the non-spinning model. The thickening of the boundary layer on the leeward side (1800) is evident as well as a significant increase in the size of the wake region of the profile. The profiles obtained on the spinning model at 10,000 RPM are essentially the same as for the nonspinning case.
B. Azimuthal Distribution of Profile Parameters
In Figure 16 the wake region profile parameter, I., is shown plotted against azimuthal position for the most rearward station (Z/D 6).
The maxima velocity increase relative to the logarithmic law is proportional to f 5 and the leeward side (180") is more than twice that on the windward side (0"). The level on the windward side is comparable with the accepted incompressible value of 9 s = "S12 for zero pressure gradient flow. A survey of compreisible flow, zero pressure gradient data indicated a value of 1 a .811 but the data base included a number of surveys taken on wind tunnel nozzle walls and these contain significant history effects which cause the value of a s to vary with the model is essentially that of a zero pressure gradient, two dimensional boundary layer. On the leeward side I is more characteristic of an adverse pressure gradient situation. In addition to the variation of 115 with azimuthal angle, there is also a small but consistent effect of spin. At 10,000 RPM the curves are slightly displaced in the direction of rotation. Figure 17 shows the strong variation of the wall region parameter, C39 with azimuthal position. The general level of C 5 on the leeward side is approximately 1.0 which is quite close to the incompressible zero pressure gradient value of 1.16 (C -5.5, K -0.4). On the windward side C s is over three times larger. Zero pressure gradient data from a number of sources 9 indicate a mean value of 1.8 from both flat plate and nozzle wall results but with a large degree of scatter which may indicate that history effects are important. These results as well as those for 1s show that the character of the turbulent boundary layer on the leeward side between 1200 and 240° is quite different from that on the windward side of the model.
V. SUMARY
An experimental effort has been described in which measurements of the three-dimensional turbulent boundary layer have been obtained for a yawed, spinning slender body of revolution in supersonic flow. Wall static pressure measurements were made on a non-spinning model to enable velocity profiles to be computed from the total head surveys of the boundary layer. The measurements provide a unique set of flow field data for comparison with theoretical computations of boundary layer development and inviscid flow fields. Several observations made upon examination of these data are listed below.
(1) A spin rate of 10,000 RPM has only a slight effect on the measured boundary layer profile characteristics for the tripped turbulent boundary layer.
(2) The circumferential velocity component experiences a favorable pressure gradient from the wind to the lee-side at forward positions on the model; but the pressure gradient changes from favorable to adverse at rearward stations as the lee-side is approached.
(3) A least square curve fitting technique has been used to characterize the masured velocity profiles in terms of four parameters which are related to the "law of the wall" and "law of the wake" regions of a turbulent boudary layer. The wake parameter, I., and the wall parameter, Cs, show strong variation around the model associated 
